Many different quadrupedal walking patterns (gaits), such as walking , trotting , bounding and galloping can be generated by systems of coupled central pattern generators (CPG). However, the physiological mechanisms for the walking patterns are unclear. As a result, from an engineering viewpoint, many different mathematical models have been proposed to describe these walking patterns. In this report, we propose a hard-wired CPG network based on Rybak s model that can reproduce quadrupedal locomotion walking patterns. In this network, we use the beating model proposed by Hoshimiya et al. and the bursting model proposed by Maeda and Makino. The main purpose of this study was to reproduce the typical walking patterns; walking and bounding , with a hardware model, and to switch between these patterns using only one parameter, which can be interpreted as voltage stimulation from the midbrain locomotor region. We found the transition from the walking to the bounding behavior to be due to a relative weakening of the coupling between the CPGs in the network by stimulation from the midbrain locomotor region.
Introduction
The walking pattern (or gait) of an animal, which depends on velocity, is primarily controlled by a coupled [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] or decoupled system [11] of central pattern generators (CPG). Many researchers have studied gait from an engineering viewpoint, because the physiological mechanisms and anatomical features are as yet unclear. Rybak et al. [8, 9] proposed a two-level CPG model based on the coupled Hodgkin-Huxley equation [12] and a half-center concept to explain the experimental results for the locomotion activity of decerebrate cats, i.e., whether or not spontaneous omission (or deletion) of the activity of a motor neuron causes phase reset of muscle contraction rhythms. Maeda [10] proposed an analog circuit system for Rybak s mathematical model [8, 9] , using four kinds of model for beating and bursting neurons [13, 14] and synapse excitation and inhibition [10] . These are hardware models that use one CPG to drive the alternative activations of agonist and antagonist motor neurons.
In studying the diverse four-legged animal gaits [2] such as walking, trotting, pacing, cantering, galloping and bounding, it is necessary to have complex coupling between four CPGs that have the same neural network structure. The coupling of four CPGs to generate a speci c animal gait may differ from that needed to generate other gaits. For example, coupling to generate walking gait is structurally different from that to generate trotting or bounding gaits. Thus, one gait corresponds to one CPG network. However, this concept is physiologically unrealistic because the animal has to possess a large number of CPG networks corresponding to the number of gaits. In addition, if some of them are not used during the lifetime of the animal they would be super uous. Therefore, a single hard-wired network that generates and switches between multiple animal gaits by changing a controllable parameter, such as an input stimulation, from the midbrain locomotor region to the CPG is required.
Collins and Richmond [3] suggested that switching between multiple animal gaits such as walking, trotting and bounding can be accomplished by changing the values of parameters in relatively simple mathematical models of the CPG. These models are coupled as a hard-wired network, but four or ve parameters have to be changed simultaneously to switch between gaits. However, this is unrealistic from a physiological viewpoint because stability of the gait depends on the change being simultaneous, and there will be cases where this simultaneity is affected by noise. From an engineering viewpoint, a hard-wired CPG network, such as that presented by Collins and Richmond [3] , is needed. However, switching gaits by changing a single parameter rather than a number of parameters is much more preferable.
In this paper, we are not concerned with the activity of a multi-jointed engineered limb, but are only interested in the coordination of neuronal oscillation patterns generated by CPG hardware models [13, 14] . The main purpose of this study was to develop a hard-wired CPG hardware network for generating neuronal oscillation patterns corresponding to four-legged animal gaits, and to enable switching between two typical patterns corresponding to walking and bounding using only one parameter, the value of which is derived from voltage stimulation from the midbrain locomotor region. Hardware modeling has the following advantages: 1) the processing speed is faster than computer simulation, and 2) it can be easily applied to industrial technologies such as robotics [10] . Although the physiological CPG mechanisms, as mentioned above, are unclear, the proposed CPG hardware network facilitates the understanding of physiological phenomena, because unlike a software program, it qualitatively replicates the dynamics of the neuronal action potentials and synaptic potentials. Furthermore, we identi ed a relative weakening of the coupling in the CPG network in the transition from walking to bounding by stimulation from the midbrain locomotor region.
Walking Patterns (Gaits)
The quadrupedal walking and bounding patterns investigated in this paper are illustrated in Fig. 1 . In the walking gait, each limb oscillates with phase shifts of 90 degrees between the left front (LF) limb and the left hind (LH) limb, the right hind (RH) limb and LF limb, the right front (RF) limb and RH limb, and the LH limb and RF limb. In the bounding gait, the right and left limbs are synchronized (in-phase) both for front and hind limbs, with the front and hind limbs, moving 180 degrees out of phase with each other (anti-phase). The walking gait is observed when the animal moves at a relatively slow speed. When the animal tries to go faster, it gallops using a similar gait known as the bounding gait. This is done to reduce energy consumption when in motion.
In this paper, we de ne the synchronized oscillation patterns generated by the hardware neuron models (described in the next section) as walking (for the oscillation pattern generating the walking gait) and bounding (for the oscillation pattern generating the bounding gait). Figure 2a and b show the bursting neuron model proposed by Maeda and Makino [14] and the beating neuron model proposed by Hoshimiya et al. [13] , respectively. The label V m represents the membrane potential at the inside of the membrane. The beating model (Fig. 2b) can generate action potentials repetitively by external current inputs. Basically this model consists of three parts. The rst is a passive circuit comprising a resistor R m and a capacitor C m in parallel. The second is a nonlinear part for generating action potentials, which is a negative resistance circuit causing an inward current from the voltage E when V m exceeds the threshold voltage (the base-emitter voltage of transistor Tr 1 ). The third is a circuit that causes a delayed outward current (the collector-emitter current of transistor Tr 3 ) which functions as the refractoriness of the action potential. The bursting model (Fig. 2a) adds another delayed outward current that terminates the active phase of bursting and maintains the inactive (silent) phase until V m exceeds the threshold again. In order to operate these models, it is necessary to apply an external DC voltage, V MLR , to the models across an input resistance of 51 kΩ, which replicates an efferent stimulation from the midbrain locomotor region. In Fig. 2 , the terminal, V m , is connected to the synapse models described in the next section in which the hard-wired CPG hardware network is presented.
Models

Hardware neuron models
Hardware synapse models
The synapse excitation and inhibition hardware models proposed by Maeda [10] are shown in Fig. 3 . The synapse excitation model excites the post-synaptic neuron model by passing current only when the pre-synaptic neuron model is ring. In contrast, the synapse inhibition model inhibits the post-synaptic neuron model by drawing current only when the pre-synaptic neuron model is ring. The input resistance, R in = 10 MΩ, is relatively large and little current ows in the models, so that the formation of action potentials in the pre-synaptic neuron model is not broken when transmitting information from the pre-to post-synaptic neuron models. Moreover, the current does not ow back from the post-to the pre-synaptic neuron model even if the post-synaptic neuron model is ring. The output resistance in the synapse excitation model had two values: 1 MΩ (weak) and 20 kΩ (strong), and that in the synapse inhibition model was 20 kΩ. In the synapse inhibition model, we used photocouplers (TLP785) to stabilize the negative synaptic voltage, E syn = −5 V, which is regarded as being the reverse potential of the anion, whereas stabilized power supplies, E syn = 5 V, can be used in the synapse excitation model. Figure 4 shows a schematic diagram of the hard-wired CPG network that comprises four CPG sub-networks labeled LF, LH, RF and RH. We designed and constructed an actual circuit based on the schematic diagram shown in Fig. 4 . In each CPG, there are two rhythm generators (RG) with extensor (-E) and exor (-F) sites that inhibit each other through interneuron models (INRG). This is regarded as a one-level CPG, reduced from the two-level CPG proposed by Rybak et al. [8, 9] . Inhibitory coupling means that the CPG generates alternative pulses between the agonist and antagonist motor neurons. The RGs and INRGs are simulated using the bursting neuron model (Fig. 2a) and the beating neuron model (Fig. 2b) , respectively. In addition, the solid arrows, dashed arrows, and balloon-lines show strong excitation, weak excitation (Fig. 3a) , and inhibition ( Fig. 3b) connections, respectively, between the two hardware neuron models. Every CPG is unidirectionally coupled with another based on the network proposed by Collins and Richmond [3] ; i.e., between LF, LH, RF, RH and LF in turn, using the strong synapse excitation model. In this paper, only the extensor sites were coupled. For example,
Hard-wired CPG network
RG-E in the left-front CPG (RG-E of LF) excites not only IN-RG-F in the same CPG but also INRG-E in the left-hind CPG (INRG-E of LH). Subsequently, INRG-E of LH inhibits RG-E in the same CPG (RG-E of LH).
In order to operate the CPG network, it is necessary to apply an external DC voltage, V MLR , which is the unique control parameter in this study, to all the RGs across an input resistance of 51 kΩ. This represents efferent stimulation from the midbrain locomotor region.
Results
The hard-wired CPG network (Fig. 4) produced a walking (V MLR = 1.62 V) and a bounding (V MLR = 3.52 V) behavior. The stationary temporal waveforms of the extensor sites (RG-Es) are shown in Fig. 5 for walking and Fig. 6 for bounding. For walking, periodic bursting discharges were observed in the LH, LF, RH, RF and LH legs in turn, with phase shifts of 90 degrees (Fig. 5) . For bounding, the synchronized front limbs oscillate 180 degrees out of phase with the synchronized hind limbs (Fig. 6) . On increasing V MLR quasi-statically from 1.62 V to 3.52 V, the behavior changed from walking to bounding at around 2.8 V with a relatively short transient period. When V MLR was decreased back to (50)
1.62 V, bounding was maintained at 2.8 V, and changed into walking only when V MLR < 2.8 V, after a relatively longer transient period than that in the opposite direction. Thus, from these results, we learnt the following: rst, the transient period is inversely proportional to V MLR , and second, hysteresis is present in the transition between walking and bounding, with both walking and bounding being bi-stable in the dynamic system described by the hard-wired CPG network. Figure 7 shows the walking-to-bounding transition when the input DC voltage V MLR was changed instantaneously from 1.62 V to 3.52 V. In this case, we observed a rapid change from walking to bounding with a small transient period. The long transient period found when V MLR was changed quasi-statically was not found when V MLR was changed instantaneously.
Discussion
How does the hard-wired CPG network switch between walking and bounding by changing just one parameter, the input DC voltage V MLR ? In walking, all the limbs oscillate 90 degrees out of phase with each other. The limbs are not in-phase at any time. In bounding, however, the left limbs oscillate in-phase with the right limbs. On increasing V MLR from 1.62 V to 3.52 V, a strong current is input into the RGs. Therefore, the bursting period, or the active phase period, becomes shorter and the number of rings in the active phase decreases [14] . This decrease in excitation at the RG level causes a decrease in excitation at the INRG level, so that the strength of the coupling between the RG levels becomes relatively weaker. We hypothesized that the weak coupling might allow in-phase synchronization between the left and right limbs, and as a result, walking can turn into bounding.
To verify our hypothesis, we remodeled one sub-network of the CPG network, as shown in Fig. 8 . The bursting model (e.g., RG-E of LF) excites the beating model (e.g., INRG-E of LH) . 8 ). Using the circuit simulator SPICE (time step: 0.1 ms), we obtained the result shown in Fig. 9 , which shows the relationship between the mean electric charge from the R m C m passive membrane model during 4 active phases of bursting and the control parameter V MLR . When V MLR increases, the mean electric charge from the R m C m passive membrane model decreases. Also, when every R out of the synapse excitation model in the hard-wired CPG network was changed from 20 kΩ to 150 kΩ (while keeping V MLR constant at 1.62 V), we observed, not walking, but bounding with a longer period than in the case of V MLR = 3.52 V (Fig. 10) . In summary, weakly coupled CPGs are able to generate bounding, whereas relatively strong coupling generates walking. 
Fig. 9
Relationship between mean electric charge from the R m C m passive membrane model during 4 active phases of bursting (vertical axis) and the control parameter V MLR (horizontal axis), using the model shown in Fig. 8 .
Fig. 10
Simulation result (stationary temporal waveforms) using the circuit simulator, SPICE, when the input DC voltage V MLR is set at 1.62 V. When R out of the strong synapse excitation model is changed from 20 kΩ to 150 kΩ (refer to Fig. 8 ), i.e., the effect of inhibition is weakened, the hard-wired CPG network shows bounding rather than walking (refer to Fig. 5) . From top to bottom, membrane potential V m at the RG-Es of LF , RF , LH and RH .
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In this study, we generated the electrical behavior or synchronized oscillation patterns corresponding to the walking and bounding gaits of four-legged animals using a hard-wired CPG hardware network. We are currently attempting to apply this hardwired CPG network to a quadrupedal walking robot, as shown in Fig. 11 . One future development will be to reproduce actual voltage-controlled switchable gaits on the robot.
Conclusion
In this paper we propose a hard-wired CPG network based on neuronal ring, which can switch between the pattern for walking and the pattern for bounding by changing only one input parameter. We veri ed that, with the hard-wired CPG network generating the pattern corresponding to the walking gait, the pattern corresponding to the bounding gait appears if the strength of the CPG network is changed from being strongly coupled to being weakly coupled. In future work, we intend to make a robot switch between walking and bounding by varying the single parameter, V MLR . We also plan to implement the CPG network in CMOS [15] in order to miniaturize the network and save energy.
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